Minichromosomes assembled on the mouse mammary tumor virus (MMTV) promoter in vitro exhibit positioned nucleosomes, one of which covers the binding sites for progesterone receptor (PR) and nuclear factor 1 (NF1). Incorporation of histone H1 into MMTV minichromosomes improves the stability of this nucleosome and decreases basal transcription from the MMTV promoter, as well as its response to either PR or NF1. However, histone H1-containing minichromosomes display better PR binding and support a more ef®cient synergism between PR and NF1, leading to enhanced transcription initiation. A mutant MMTV promoter lacking positioned nucleosomes does not display enhanced transcriptional synergism in the presence of H1. Binding of PR leads to phosphorylation of H1, which leaves the promoter upon transcription initiation. Thus, H1 assumes a complex and dynamic role in the regulation of the MMTV promoter.
Introduction
The fundamental unit of eukaryotic chromatin is the nucleosome, which consists of a core histone octamer with 147 bp of superhelical DNA wrapped around in 1.65 lefthanded turns (Richmond et al., 1984; Luger et al., 1997) . A chain of nucleosomes connected by linker DNA builds the 10 nm nucleosomal ®ber, which is compacted further in interphase nuclei to form a more irregular 30 nm ®ber, stabilized by interactions between nucleosomes and by the so-called linker histones. Linker histones exist in a variety of subtypes (e.g. H1, H1 o , H5, etc.; reviewed in Khochbin, 2001; Parseghian and Hamkalo, 2001 ). Binding of histone H1 stabilizes the nucleosome and protects an additional 20±30 bp of linker DNA against micrococcal nuclease (MNase) digestion to form a structure called the chromatosome (Simpson, 1978) . Interactions among linker histones further stabilize and compact the higher order structure of chromatin (Ramakrishnan, 1997; Widom, 1998) . As transcriptional activation requires decondensation of chromatin structures (Gregory and Ho Èrz, 1998) , histone H1 has long been regarded as a general repressor of transcription (Weintraub, 1985) . However, there are indications of a more differential role of H1 in transcriptional regulation (Zlatanova, 1990) .
Several years ago, it was shown that H1 regulates individual genes in two different systems: Xenopus laevis and Tetrahymena thermophyla. Disruption of the H1 gene in macronuclei of Tetrahymena displays a speci®c rather than a global effect on gene expression (Shen and Gorovsky, 1996) . In Xenopus, the oocyte and somatic type 5S rRNA genes are transcribed differentially during early development. Repression of oocyte 5S RNA transcription coincides with the appearance of histone H1A during the early gastrula stage (Kandolf, 1994) . The increase in histone H1 content speci®cally restricts TFIIIA-activated transcription of oocyte 5S rRNA but does not signi®cantly in¯uence somatic 5S rRNA gene transcription. Thus, the regulated expression of histone H1 during Xenopus development has a speci®c and dominant role in mediating the differential expression of the oocyte and somatic 5S rRNA genes (Bouvet et al., 1994) . One model proposes that H1 relocates the multiple octamer positions over the oocyte 5S RNA gene, some of which allow TFIIIA binding, to a unique translational position incompatible with TFIIIA binding (Sera and Wolffe, 1998 ). An effect of linker histone on the distribution of nucleosome positions has also been shown by others (Meersseman et al., 1991) . A second model proposes differential nucleosome positioning on somatic and oocyte 5S rRNA genes per se, which favor either H1 or TFIIIA binding (Panetta et al., 1998; Crane-Robinson, 1999 ). Both models underline the importance of nucleosome positioning for gene regulation.
Although chromatin generally is viewed as an obstacle for transcription that has to be remodeled or modi®ed in the process of transcriptional activation, we have shown previously that a well-organized chromatin template is a necessary prerequisite for the proper activation of the mouse mammary tumor virus (MMTV) promoter (Cha Âvez and Beato, 1997) . The MMTV promoter is organized into positioned nucleosomes in vivo (Richard-Foy and Hager, 1987) and in vitro (Perlmann and Wrange, 1988) , with a nucleosome covering the ®ve hormone-responsive elements (HREs) and the binding site for nuclear factor 1 (NF1) (Pin Äa et al., 1990; Truss et al., 1995) . The binding site for NF1 is not accessible on this positioned nucleosome, and only two of the ®ve HREs can be bound by hormone receptors (Pin Äa et al., 1990; Eisfeld et al., 1997) . The MMTV promoter assembled in minichromosomes also exhibits positioned nucleosomes (Venditti et al., 1998) and is activated in a process involving a two-step synergism. First, the hormone receptor binds to the exposed HREs and Histone H1 enhances synergistic activation of the MMTV promoter in chromatin The EMBO Journal Vol. 22 No. 3 pp. 588±599, 2003 triggers a chromatin-remodeling event that facilitates access of NF1. Bound NF1 in turn stabilizes an open nucleosomal conformation required for ef®cient binding of further receptor molecules to the hidden HREs and full transactivation (Di Croce et al., 1999) .
A few years ago, it was shown that H1 overexpression in 3T3 cells led to an increase in transcriptional activity of integrated, but not transient transfected MMTV promoters (Gunjan and Brown, 1999) . These results suggested that histone H1 played a positive role in MMTV induction depending on its chromatin organization, but did not prove that the effect was a direct consequence of H1 incorporation into the MMTV promoter chromatin. Here, we show that a similar H1-dependent increase in transcriptional activation takes place on MMTV minichromosomes assembled in vitro and that this increase is a direct effect of H1 binding to the MMTV promoter. Addition of H1 to an in vitro chromatin reconstitution system based on extracts from pre-blastodermic Drosophila embryos, which do not contain H1, leads to tightening and stabilization of the nucleosome covering the regulatory elements of the MMTV promoter, which reduces accessibility for restriction enzymes and NF1. However, incorporation of histone H1 in minichromosomes leads to a better binding of PR and to improved synergism between PR and NF1, resulting in enhanced transcription initiation. On a truncated MMTV promoter, which displays no proper nucleosome positioning (Prado et al., 2002) , H1 has no positive effect on the synergism between PR and NF1, but rather leads to a general reduction in transcriptional activation. Our results suggest that the positive effect of H1 on transcriptional activation of the MMTV promoter is at least partly due to a more homogeneous nucleosomal organization, which favors PR binding to a larger proportion of MMTV promoters and enhances the functional synergism between PR and NF1. Following PR binding, Fig. 1 . Incorporation of histone H1 in reconstituted minichromosomes. Effect of H1 on nucleosome spacing. Chromatin assembled with or without histone H1 on pMMTVCAT B-B DNA was digested with micrococcal nuclease (MNase) for increasing times. The resulting DNA fragments were separated by electrophoresis on a 1.3% agarose gel in 13 TBE buffer and stained with ethidium bromide. The numbers on each site indicate the approximate size of the fragments in base pairs as determined by comparison with appropriate size markers. In vitro transcription analysis of MMTV minichromosomes with increasing amounts of histone H1. Chromatin reconstituted with an increasing molar ratio of histone H1 was incubated with puri®ed recombinant PR or/and NF1 as indicated and transcribed in vitro with HeLa nuclear extract. For each template, 25 ng of DNA were used in each reaction. Products were visualized by primer extension analysis and sequencing gel electrophoresis. The positions of the products from the wild-type MMTV promoter (wt) and from a control MMTV promoter lacking the HREs (±77) are indexed on the left. The synergism of PR and NF1 was calculated as: (activity PR + NF1)/(activity PR) + (activity NF1), and is indicated at the bottom. (B) Quanti®cation of the wild-type MMTV transcripts. Transcription signals were quanti®ed in a phosphoimager (Fuji) and are shown in relative units, with the transcription in the absence of H1 and activators (lane 1) set to 1. The numbers on the x-axis refer to the lanes in (A).
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histone H1 is phosphorylated and is displaced from MMTV promoter chromatin upon activation of transcription initiation.
Results
Incorporation of histone H1 reduces basal transcription and the activation by either PR or NF1 The extract of pre-blastodermic Drosophila embryos (DREX) used for assembly of minichromosomes is known to lack histone H1, but contains HMG-D, a Drosophila member of the HMG 1 protein family. It is only after the mid-blastula transition that HMG-D is replaced progressively by histone H1 (Ner and Travers, 1994) . We have con®rmed the lack of histone H1 in our extract by western blotting using post-blastoderm extract as a positive control (data not shown). When histone H1 was added at the onset of a chromatin reconstitution on the plasmid pMMTVCAT B-B, an increase of the nucleosome repeat length from 185 bp (without H1) to 210 bp was observed at a calculated ratio of one molecule of H1 per nucleosome (Figure 1) . In a chromatin immunoprecipitation (ChIP) experiment with an H1-speci®c antibody, we con®rmed that H1 was incorporated in the reconstituted chromatin over the promoter region (data not shown).
To study the effect of incorporation of histone H1 on the activity of the MMTV promoter chromatin, we used a HeLa nuclear extract for in vitro transcription (Dignam et al., 1983) . Increasing concentrations of histone H1 in the minichromosome assembly reactions consistently reduced the basal transcriptional activity of the promoter (Figure 2 , lanes 1, 5, 9, 13 and 17) and decreased its response to the addition of either puri®ed PR (Figure 2 , lanes 2, 6, 10, 14 and 18) or puri®ed NF1 (Figure 2, lanes 3, 7, 11, 15 and 19) . Maximal inhibition reached 60% in the case of PR (compare lanes 2 and 18, and Figure 2B ) and 50% in the case of NF1 (compare lanes 3 and 19, and Figure 2B ). These ®ndings are in agreement with the postulated repressive effect of linker histones on chromatin transcription and could re¯ect a more compact or less dynamic structure of the minichromosomes containing H1.
Histone H1 incorporation reduces the accessibility of restriction sites in the MMTV promoter The ef®ciency of cleavage with restriction enzymes is a measurement of the accessibility of DNA sequences in a chromatin context. In the past, we have used the restriction enzyme HinfI for this kind of analysis, since its recognition sequence overlaps with the NF1-binding site. We have shown that this site is relatively inaccessible in MMTV minichromosomes assembled in DREX compared with naked DNA (Venditti et al., 1998) . The incorporation of histone H1 into wild-type MMTV minichromosomes further reduced the accessibility of the HinfI restriction site by a factor of 4 ( Figure 3A , compare lanes 1±3 with lanes 4±6). A similar but even more pronounced inhibition of cleavage by histone H1 incorporation was observed with the restriction enzyme SacI, which cleaves near the dyad axis of the promoter nucleosome between HRE2 and HRE3 ( Figure 3B ). Therefore, the compaction of nucleosome structure by histone H1 affects the complete nucleosomal DNA and is not restricted to a particular region of the DNA superhelix. This increased compaction offers a plausible explanation for the inhibitory effect of histone H1 on basal transcription and on the activation by the individual transcription factors PR or NF1.
The synergism between PR and NF1 as well as the actual transcription from the activated MMTV promoter are enhanced by histone H1 In contrast to the inhibitory effect of histone H1 on transcriptional activation by isolated PR or NF1, adding both factors together yielded an unexpected result: H1 enhanced the synergism between PR and NF1 as well as the absolute levels of transcription ( Figure 2A , lanes 4, 8, CAT) or Gal4-VP16 (pG 5 E4T CAT) was incubated in the absence of UTP for 30 min with HeLa nuclear extract and puri®ed recombinant PR, Zta or Gal4-Vp16 as indicated. Sarcosyl was added to a ®nal concentration of 0.07% and, after 5 min, transcription was started by addition of UTP. After 30 min, transcription was stopped and a riboprobe was added corresponding to 50 or 100% of the template concentration as indicated. Products were visualized by primer extension analysis and sequencing gel electrophoresis. The positions of the products from the different promoters and the riboprobe are indexed on the left. The template usage was calculated by comparing the signal intensities of the riboprobe with those of the transcription reactions in the presence of 0.07% sarcosyl (single round transcriptions). Comparing the single round transcriptions with the corresponding signals in the absence of sarcosyl (multiple rounds of transcription) yielded the values for the reinitiation rates. (B) In vitro transcription analysis of MMTV minichromosomes in the presence or absence of H1 and sarcosyl. Chromatin reconstituted in the presence or absence of histone H1 (50 ng of template/reaction) was puri®ed via Sephadex G-50 spin columns to remove NTPs. This chromatin showed no transcription signal without addition of UTP (lanes 17 and 18), whereas transcription on non-puri®ed minichromosomes proceeded with internal UTP (data not shown). Puri®ed minichromosomes were incubated in the absence of UTP for 30 min with puri®ed recombinant PR and NF1 as indicated. HeLa nuclear extract was then added for an additional 30 min. Reactions were then processed further with or without sarcosyl addition as in (A). (C) In vitro transcription analysis of pZ 7 E4T CAT or pG 5 E4T CAT minichromosomes in the presence or absence of H1 and sarcosyl. Except for the utilization of Gal4-VP16 and Zta instead of PR and NF1, reactions were carried out as in (B).
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activators, PR and NF1. In 12 independent experiments, the inhibitory effect of H1 on basal transcription was 28% (616), while the inhibition in the presence of PR alone was 43% (65) and with NF1 alone 52% (66). The synergism between PR and NF1 was 3.5-fold (61.6) in the absence of histone H1 and increased to 8.2-fold (62.4) in the presence of H1. Most of our studies were performed with commercial histone H1 preparations. However, experiments with recombinant histone H1 o and H1.2 isoforms expressed in Escherichia coli (Doenecke et al., 1997) yielded virtually indistinguishable results.
In contrast to the results obtained with minichromosomes, transcription activation on`naked' MMTV DNA was not signi®cantly in¯uenced by the addition of H1 with any combination of activators (data not shown). We conclude that, at the concentrations used in these experiments, H1 has no direct, inhibiting or enhancing effect on the transcriptional machinery as such. This excludes a possible interaction between H1 and PR as a mechanism underlying the positive effects observed with minichromosomes.
Histone H1 increases the proportion of activated MMTV chromatin templates The enhanced transcription from MMTV minichromosome templates containing histone H1 could result from the utilization of a larger proportion of the available promoters for transcription or, alternatively, from a higher ef®ciency of reinitiation on the same number of promoters. To distinguish between these two possibilities, we studied the effect of sarcosyl, which prevents transcription reinitiation but does not preclude elongation by already engaged RNA polymerase II complexes Roeder, 1985, 1987) . The complete transcription reactions lacking UTP were incubated for 30 min before the addition of sarcosyl (®nal concentration 0.07%), where indicated, and 5 min later the missing UTP was supplemented. Incubation was continued for 30 min before addition of a de®ned amount of riboprobe as internal standard, followed by quantitation of transcripts by primer extension (Di Croce et al., 1999) . With naked DNA templates, 100% of the MMTV promoters were activated by PR, but the ef®ciency of reinitiation was low. Each template was used only 1.7-fold, whereas two control promoters showed a much higher reinitiation. A Zta-dependent promoter was reinitiated 7.5-fold in the presence of the Zta transactivator (Lieberman and Berk, 1991) , and a Gal4 reporter showed a 12-fold reinitiation in the presence of the Gal4-VP16 transactivator (Croston et al., 1991) ( Figure 4A ).
On minichromosomes assembled in the absence of histone H1, the proportion of MMTV promoters activated in the absence of added factors was 3% in this particular experiment. In the presence of either PR alone or NF1 alone, the proportion was 6 and 8%, respectively, in this particular experiment, and this value increased to 26% in the presence of both factors ( Figure 4B , lanes 1±8). The ef®ciency of reinitiation was low and comparable with that on free DNA templates. On minichromosome templates containing histone H1, the proportion of templates activated by PR alone or NF1 alone was slightly lower, 5 and 4%, respectively, but in the presence of both factors 86% of the templates were activated ( Figure 4B , lanes 9±16). The absolute ®gures varied in three independent experiments, but in all cases H1 inhibited template usage in the presence of either PR or NF1 alone while it increased template usage in the presence of both factors together. Addition of H1 had little effect on the ef®ciency of reinitiation. Thus, the positive effect of histone H1 on activated transcription from MMTV chromatin templates is due mainly to a better synergism between PR and NF1 in terms of promoter recruitment to the active state.
The complex effect of histone H1 was selective for the MMTV promoter, since the Gal4 reporter promoter assembled in minichromosomes was insensitive to the addition of H1, and the Zta reporter promoter responded to the addition of H1 with a reduction in transcription ( Figure 4C ). The ef®ciency of reinitiation on control promoters in chromatin was reduced compared with free DNA (Figure 4 , compare C with A) but, as in the case of MMTV promoters, was not sign®cantly affected by histone H1 ( Figure 4C ).
The population of nucleosomes on the MMTV promoter is more homogeneous in minichromosomes containing histone H1 The positioning of a nucleosome along the DNA is de®ned by the rotational and translational phasing. The rotational phasing refers to the relationship between the nucleosome and the helical periodicity of the DNA, whereas the translational phasing describes the position of the nucleosome relative to a given point along the DNA molecule. We set out to investigate if the incorporation of H1 had any effect on the positioning of the MMTV promoter nucleosome. This nucleosome covers the HREs and has been shown to exhibit preferential translational and rotational phasing in different systems (Richard-Foy and Hager, 1987; Perlmann and Wrange, 1988; Pin Äa et al., 1990; Cha Âvez et al., 1995; Truss et al., 1995; Flaus and Richmond, 1998) , including reconstitution with a Drosophila embryo extract (Venditti et al., 1998) . Therefore, we performed a high resolution analysis of nucleosome structure using MNase footprinting. Con®rming previous results (Cha Âvez et al., 1995; Venditti et al., 1998) , a protected region¯anked by hypersensitive sites at ±40 and ±190 was detected. Within this region, the protection was less clear over the proximal and distal parts of the footprint and more evident in the central part ( Figure 5A ), as had been observed with other positioned nucleosomes (Tanaka et al., 1996) . In the presence of histone H1, the limits of the protection, as determined by the¯anking hypersensitive sites, were the same, but the degree of protection was strikingly more pronounced (compare lanes 2 and 3, see especially the protected bands around ±84 and ±100, indicated by circles). Thus, we conclude that the MMTV promoter nucleosome is stabilized by the incorporation of histone H1.
To analyze the effect of H1 on the rotational orientation of the double helix on the nucleosome surface, we used DNase I digestion ( Figure 5B ). In both the absence and presence of histone H1, we observed a pattern of preferential cleavage sites (marked by arrows) spaced bỹ 10 bp alternating with protection of cleavage sites (marked by circles), indicative of a preferential rotational phasing of the DNA double helix, as reported previously (Pin Äa et al., 1990; Truss et al., 1995; Venditti et al., 1998) . The strong hypersensitive sites at ±162, ±100, ±82 and ±73 indicate deformations of the double helix in these regions, with widening of the minor groove particularly around the nucleosome axis. The pattern was similar in the presence of histone H1, but the protections and enhancements were more prominent (compare lanes 5 and 6 with lanes 7 and 8). At the hypersensitive positions, ±162, ±100 and ±82, there is a clear increase in the intensity of the main band accompanied by a decrease in the intensity of the¯anking bands. We conclude that the dominant rotational setting on the promoter nucleosome is preserved and stabilized in the presence of H1. Taken together, the structural data suggest a more homogeneous population of nucleosomes in the presence of H1, with a higher percentage of molecules adopting a dominant position. 
Histone H1 does not enhance the synergism between PR and NF1 on a truncated MMTV promoter, which does not position nucleosomes To test the relationship between nucleosome positioning and H1 effects on transcription, we utilized a mutant promoter, HRE/MMTVD, in which the region containing the ®ve natural HREs of the MMTV promoter has been replaced by a single canonical HRE. This truncated MMTV promoter does not position nucleosomes (Prado et al., 2002) . We compared the accessibility of the NF1-binding site for cleavage by HinfI in minichromosomes containing the HRE/MMTVD promoter and on wild-type MMTV minichromosomes ( Figure 3A) . In the absence of histone H1, the accessibility of this site in the HRE/ MMTVD promoter chromatin was~3-fold higher than in the wild-type chromatin, probably due to the lack of nucleosome positioning (compare lanes 1±3 with lanes 7±9). However, as on the wild-type MMTV promoter, H1 incorporation led to a 3-fold reduction in restriction enzyme cleavage on HRE/MMTVD minichromosomes (compare lanes 7±9 with lanes 10±12). Therefore, the difference in accessibility between wildtype MMTV and HRE/MMTVD minichromosomes was maintained in the presence of histone H1. In both cases, restriction enzyme access was reliant on ATP-dependent chromatin-remodeling complexes, since reactions performed in the presence of apyrase, which degrades any ATP in the extract (Tsukiyama et al., 1994) , almost completely eliminated HinfI cleavage (Venditti et al., 1998 ; data not shown). Thus, histone H1 has a similar compacting effect on wild-type and HRE/MMTVD promoter chromatin.
However, in contrast to the situation with wild-type MMTV, where histone H1 had an enhancing effect on the synergism between PR and NF1 (see also Figure 2A ), the synergism between the two factors was not affected by H1 in the HRE/MMTVD promoter ( Figure 6 ). Moreover, a clear reduction in overall activation of the HRE/MMTVD promoter could be observed in the presence of histone H1, also in contrast to the effect of H1 on overall transcription activation of wild-type MMTV minichromosomes ( Figure 6 ). Thus, the same two factors, PR and NF1, acting on the same core promoter respond to incorporation of H1 into minichromosomes in an opposite way. Most probably, the opposed behavior of the two chromatin templates depends on differences in the nucleosomal organization of their respective promoter sequences.
Chromatin containing histone H1 binds PR more ef®ciently
We have shown previously that, at limiting concentrations of PR, NF1 facilitates binding of PR to MMTV minichromosomes lacking histone H1 (Di Croce et al., 1999) . We now tested whether we can reproduce these ®ndings by ChIP assays with an antibody against PR and whether the same behavior is observed in the presence of histone H1. In addition to a set of primers amplifying the promoter region, we also used another set of primers corresponding to a distant region of the MMTV minichromosome as a control. Both the promoter and the control set of primers yielded very low background signal, but we increased the number of cycles with the control set of primers in order to generate a visible signal (Figure 7 , compare upper and lower panels). Upon incubation of minichromosomes lacking histone H1 with PR, the promoter region yielded a weak signal visible only at high template concentrations and with a large number of cycles, whereas there was no change in the control region ( Figure 7A, lanes 9±12 ). In the presence of NF1, neither the control region nor the promoter region showed signi®cant changes (Figure 7, lanes 13±16 ). In the presence of both PR and NF1, the control region was unaffected but the promoter region was enriched in the immunoprecipitated material to a higher extent than in the Minichromosomes without histone H1 were puri®ed by Sephadex G-50 chromatography and incubated with different activators (as indicated on the top) for 30 min at 30°C. ChIPs were performed in the presence of HeLa nuclear extract (120 ml), but without UTP, under conditions of transcription initiation. The upper panel shows the PCR products obtained for the speci®c region corresponding to the promoter nucleosome (promoter), where different amounts of precipitated material (0.5, 1, 2 and 4 ml) were PCR ampli®ed for 23 and 26 cycles and compared against 10% of the input material (IC). The lower panel displays the results of PCRs run for 32 and 35 cycles for a control distant region of the plasmid (here the precipitates were compared against 0.1% of the input material). (B) ChIP of histone H1-containing MMTV minichromosomes with a-PR antibody. ChIPs were performed as described in (A), except that the minichromosomes were reconstituted with H1, and only 1, 2 and 4 ml of the precipitates were PCR ampli®ed. (C) Quanti®cation of PR binding in ChIP experiments. PR binding is displayed as a percentage of precipitated template with regard to the input material. Two independent experiments with six data points each were evaluated by densitometric measurements of ethidium bromidestained gels.
presence of PR alone ( Figure 7A, lanes 17±20) . Thus the ChIP assay con®rms our previous report that NF1 helps PR binding to MMTV chromatin at low concentrations of receptor (Di Croce et al., 1999) .
In the presence of histone H1, the ChIP experiments with an antibody against PR detected a stronger binding of PR alone ( Figure 7B , lanes 7±9) and an even stronger binding in the presence of PR and NF1 compared with the minichromosomes lacking H1 ( Figure 7B, lanes 13±15) . Quantitation of the ChIP experiments showed that in both cases the increase in PR binding was 4-to 5-fold in H1-containing minichromosomes ( Figure 7C ). This effect was selective for the promoter region ( Figure 7B , compare upper and lower panels), and offers a basis for the enhanced recruitment of MMTV promoters to the active state and for the functional synergism between these factors in the transcription assay.
Histone H1 is displaced from the promoter upon activation of transcription Our ®nding that incorporation of histone H1 favors activated transcription of the MMTV promoter in chromatin seems in apparent contradiction to the previously reported observations that actively transcribed genes are depleted of histone H1 (Zlatanova et al., 2000) . In particular, over the MMTV promoter, a decrease in H1 content has been reported following glucocorticoid induction in cultured cells (Bresnick et al., 1992) . To address this issue, we analyzed by ChIP whether the histone H1 content was altered following incubation with PR, NF1 or both. For these experiments, we used an antibody that recognizes histone H1 independently of its state of phosphorylation. We performed these experiments in the presence of HeLa cell extract, but in the absence of UTP to permit transcription initiation while preventing elongation. Under these conditions, a clear and selective H1 depletion over the MMTV promoter was observed upon activation in the presence of PR and NF1 ( Figure 8A , upper panel, lanes 13±15). Quantitation of the signals indicates that 80% of the histone H1 is lost from the MMTV promoter chromatin after activation of transcription initiation ( Figure 8C, left panel) . In the presence of PR alone or NF1 alone, no signi®cant reduction in histone H1 content is visible over the promoter region ( Figure 8A , upper panel, lanes 7±13, see also left panel in C). No changes in histone H1 content were detected over the control region in the presence of any of the transcription factors ( Figure 8A, lower panel) . Therefore, we conclude that activation of transcription initiation leads to a selective displacement of histone H1 from the MMTV promoter chromatin.
Binding of PR enhances phosphorylation of histone H1 over the MMTV promoter Phosphorylation of histone H1 appears to play an important role in glucocorticoid induction of the MMTV promoter (Lee and Archer, 1998; Bhattacharjee et al., 2001) . We therefore tested whether there were changes in histone H1 phosphorylation in the course of activation of MMTV minichromosomes in vitro. When an antibody selective for phosphorylated histone H1 is used for ChIP, a 2-fold increased signal over the promoter region was found after incubation with PR ( Figure 8B , upper panel, compare lanes 4±6 with lanes 1±3, see also C, right panel). Addition of NF1 alone had no signi®cant effect ( Figure 8B , upper panel, lanes 7±9), whereas, in the presence of both PR and NF1, there is a 70% decrease in the proportion of promoters containing phosphorylated histone H1 ( Figure 8B , upper panel, lanes 10±12, and C, right panel). The reduction is selective for the MMTV promoter and is not observed over the control region ( Figure 8B , lower panel). A separate experiment yielded similar relative values for bound phosphorylated H1 (data not shown). If the signal for phosphorylated H1 is corrected for the 80% displacement of total histone H1 from the promoter observed under these conditions ( Figure 8A ), there appears to be no signi®cant change in the proportion of phosphorylated histone H1 in the presence of PR and NF1 as compared with PR alone. A possible explanation could be that upon full activation of transcription initiation in the presence of both PR and NF1, histone H1 is Figure 7 , except that an antibody against histone H1 was used for precipitation. Aliquots of 1, 2 and 4 ml of the precipitates were PCR ampli®ed for 22 and 25 cycles with speci®c (promoter) and unspeci®c (control) primers. IC: 10% of input material. (B) ChIP with a-phosphoH1 antibody. ChIPs were performed as described in (A), except that an antibody against phosphorylated histone H1 was used for precipitation, and PCR results for 25 and 28 cycles are shown. (C) Quanti®cation of H1 and phosphorylated H1 binding in ChIP experiments. Factor binding is displayed as a percentage of precipitated template with regard to the input material. The above experiment with six data points for each precipitate was evaluated by densitometric measurement of an ethidium bromidestained gel.
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displaced from the promoter independently of its phosphorylation state. Alternatively, phosphorylation of H1 could be enhanced further in the presence of PR and NF1, but the proportion of phosphorylated H1, which remains at the promoter nucleosome does not change because phosphorylated H1 is displaced preferentially.
Discussion
Our ®ndings that histone H1 enhances transcriptional activation of the MMTV promoter in minichromosomes assembled in vitro add new insight to the mechanism by which higher order chromatin structure participates in gene regulation by steroid hormones. The role of linker histones in the regulation of individual genes and the underlying molecular mechanisms are largely unknown. There are several studies on genes transcribed by RNA polymerase III, such as the 5S rRNA genes, but virtually no genes transcribed by RNA polymerase II have been studied in detail.
Effect of histone H1 on nucleosome positioning and stability Using high resolution nuclease mapping, we also found two dominant translational settings with the same rotational orientation on mononucleosomes reconstituted with recombinant histones on MMTV promoter DNA (Spangenberg et al., 1998) . Our present studies with MMTV minichromosomes suggest that binding of histone H1 generates a more homogeneous population of nucleosome positions over the promoter. Several criteria support this conclusion. Following H1 binding to MMTV minichromosomes, we observed: (i) reduced access of restriction enzymes to DNA sequences at the edge and at the center of the nucleosome; (ii) more pronounced and better de®ned nucleosomal cleavage patterns with MNase and DNase I; and (iii) reduced access of NF1 in the transcription assay. These ®ndings suggest that incorporation of histone H1 into chromatin tightens the nucleosome structure by reducing the¯uctuation between slightly different translational positions of the histone octamer, leading to a more restricted unique population with a better de®ned translational setting.
Effect of histone H1 on the synergism between PR and NF1 The incorporation of histone H1 into MMTV minichromosomes compacts the chromatin structure and has the expected negative effect on basal transcription in the absence of sequence-speci®c factors, as well as on transcription in the presence of either PR or NF1. Unexpectedly, however, H1 has a positive effect on transcription in the presence of both PR and NF1 by enhancing the synergism between these two factors. The enhanced transcriptional synergism depends on the precise nucleosomal organization of the wild-type promoter, as a truncated MMTV promoter that displays no positioned nucleosomes (Prado et al., 2002) does not exhibit an enhanced response to PR and NF1 in the presence of histone H1. It is noteworthy that synergistic activation of this truncated promoter requires the activation domain of NF1 (Prado et al., 2002) , which is dispensable for synergism between PR and NF1 on wild-type MMTV chromatin (Di Croce et al., 1999) . Therefore, the mechanism of transactivation differs between these two versions of the MMTV promoter: only the promoter which is well organized in chromatin uses NF1 as an architectural factor and responds with enhanced transcription activation to the addition of histone H1. This underlines the signi®cance of the nucleotide sequence of the wild-type promoter for proper chromatin organization, and thus for a physiological response to hormone induction.
In the wild-type promoter chromatin, the central HREs are not accessible for receptor binding unless NF1 binds to its promoter site and maintains an`open' nucleosomal con®guration. It is this structural synergism that is enhanced by histone H1 binding. In contrast, the truncated MMTV promoter exhibits a more`open' chromatin structure that already makes the HRE more accessible for receptor binding. This eliminates the contribution of NF1 to receptor binding and thereby the structural synergism between the two factors. Addition of H1 to this promoter only stabilizes the nucleosomes and restricts nucleosome mobility (Pennings et al., 1994; Hill and Imbalzano, 2000) , leading to the expected impairment of transcriptional activity.
Recently, experiments similar to those reported here have been performed with minichromosomes assembled on a synthetic promoter made of two estrogen-responsive elements upstream of an adenovirus E4 TATA box (Cheung et al., 2002) . In this system, addition of histone H1 leads to a dramatic decrease in the activation of transcription caused by added estrogen receptor a (ERa). On this arti®cial promoter, histone H1 acts selectively to reduce the overall level of productive transcription initiation by restricting promoter accessibility and preventing the ERa-dependent formation of a stable transcription pre-initiation complex. It is possible that the opposite effect of histone H1 on transcription activation by ERa on the synthetic promoter and by PR and NF1 on the MMTV promoter re¯ects differential effects of H1 on the binding sites of various transcription factors (Juan et al., 1994) . Even so, our results underscore the importance of studying the function of transcription factors or chromatin components in the context of the natural promoter sequences, as the sequence obviously encompasses information for the structure of chromatin and, in particular, for the positioning of nucleosomes and linker histones.
More binding of PR and better synergism in the presence of H1
The results of the ChIP experiments with anti-PR antibodies show that PR binding to the MMTV promoter nucleosome is enhanced in minichromosomes containing histone H1. This effect seems to be in contrast to the reduced transcription observed with H1-containing minichromosomes in response to PR alone. In MMTV mononucleosomes assembled with recombinant histones, we also observed increased binding of PR to the HRE1 upon incorporation of histone H1 (Vicent et al., 2002) .
Here we see strong binding of PR to the H1-containing MMTV minichromosomes, but no activation of transcription. Thus, recruitment of PR alone is not suf®cient to enhance transcription initiation. It seems likely that the tightening and stabilization of the wild-type MMTV promoter nucleosome caused by incorporation of H1 not only enhances binding of PR to the exposed distal HRE1 but also reduces the accessibility of the three`inner' HREs, which are not available for PR binding in a positioned nucleosome (Pin Äa et al., 1990; Eisfeld, 1997) . Under these conditions, access of PR to these masked HREs depends completely on the binding of NF1 to the promoter, which stabilizes the`open' nucleosome conformation (Di Croce et al., 1999) . This explains why in our ChIP experiments, binding of PR is dramatically enhanced by NF1 in the presence of histone H1.
Histone phosphorylation and displacement
In view of the reported effects of histone H1 phosphorylation and dephosphorylation on the hormonal induction of the MMTV promoter (Lee and Archer, 1998) , we analyzed the state of phosphorylation of H1 during the activation process. After incubation with PR, a signi®cant proportion of histone H1 is phosphorylated speci®cally over the promoter region and not over the control region of the minichromosomes. We cannot determine the proportion of phosphorylated H1 because of the different af®nities of the antibodies used for ChIP. However, it seems that PR recruits or activates a kinase, which locally phosphorylates histone H1. Since in the presence of PR alone we do not see transcriptional activation of MMTV chromatin containing histone H1, we must assume that phosphorylation of histone H1 is not suf®cient to promote transactivation of the promoter. Moreover, under these conditions, the total amount of H1 on the promoter chromatin does not change. Upon full activation of transcription initiation in the presence of PR and NF1, the majority of histone H1 leaves the promoter.
Our results showing that different isoforms of histone H1 behave similarly in the transcription assay are in agreement with previous reports from gene transfection studies (Gunjan and Brown, 1999) , but in apparent contrast to published results suggesting selective effects of hormonal stimulation on the phosphorylation of different histone H1 variants ). However, these latter studies focus on the global dephosphorylation of H1 observed after prolonged exposure (24 h) of cultured cells to dexamethasone (Lee and Archer, 1998) , and therefore could be indirect. They do not contradict the rapid effects of progesterone on histone H1 phosphorylation reported here. Indeed, the real question is why prolonged exposure to glucocorticoids precludes the phosphorylation of histone H1 required for hormonal induction (Bhattacharjee et al., 2001) .
Our previous in vitro transcription studies indicate that PR recruits the nucleosome remodeling factor (NURF) (Di Croce et al., 1999) , and now we show that it may also recruit a linker histone kinase to MMTV promoter chromatin; one wonders about the relationship between these two remodeling steps. It has been reported recently that histone H1 binding blocks chromatin remodeling by ATP-dependent complexes such as SWI/SNF and ACF, and that this inhibition can be overcome by phosphorylation of the linker histones (Horn et al., 2002) . Therefore, it seems reasonable to assume that recruitment or activation of the H1 kinase is a prerequisite for the subsequent remodeling of the MMTV chromatin that facilitates access of NF1 and PR to the masked target sites (Di Croce et al., 1999) . On the other hand, it is also known that phosphorylation of H1 decreases its af®nity for nucleosomes (Lever et al., 2000) and mimics H1 removal (Dou et al., 1999) . Therefore, it could facilitate the displacement of H1 from the promoter that accompanies transcription initiation (Zlatanova et al., 2000) . Whether later steps in the promoter activation process require additional ATP-dependent remodeling or phosphorylation events remains to be established by ChIP experiments with chromosomal integrated single copies of the MMTV promoter.
Materials and methods

Recombinant proteins and plasmids
Recombinant histidine-tagged human PR B complexed with the agonistic ligand R5020 and pig NF1-C2 were puri®ed as described previously (Di Croce et al., 1999) . The Epstein±Barr virus transactivator Zta was expressed and puri®ed as described previously (Lieberman and Berk, 1991) . The Gal4-VP16 transactivator was prepared according to Carey et al. (1990a) . The plasmid pMMTVCAT B-B contains the MMTV promoter region from ±640 to +126 and was used as wild-type MMTV promoter template (Venditti et al., 1998) . The plasmid ±77 CAT was used as control plasmid, as it contains the MMTV promoter truncated upstream of the NF1 site and therefore lacks the HREs (Cha Âvez and Beato, 1997). The plasmid pHRE/MMTVD CAT contains a consensus HRE upstream of the NF1 site of the ±77 CAT construct (Prado et al., 2002) . The plasmids G 5 E4T CAT and Z 7 E4T CAT were described previously (Carey et al., 1990b; Chi et al., 1995) .
Chromatin assembly and transcription
Pre-blastodermic Drosophila extracts were prepared as described previously (Bonte and Becker, 1999) and chromatin assembly was performed according to Venditti et al. (1998) , except for the addition of calf thymus histone H1 (Sigma) or recombinant, bacterially expressed H1 o , H1.2 (gift of D.Doenecke, Go Èttingen) at a ratio of one molecule per nucleosome, unless otherwise indicated, at the beginning of the assembly reaction. In vitro transcription reactions were performed as described previously (Di Croce et al., 1999) .
Restriction enzyme accessibility assay
HinfI and SacI digestions were performed at 26°C using 200 ng of chromatin DNA and 50 U of enzyme in a 50 ml assembly reaction. Reactions were stopped with 20 mM EDTA and 0.5% sarcosyl, and the samples were treated with RNase A and proteinase K. After ethanol precipitation, a second restriction enzyme cleavage was performed using DraI for pMMTVCAT B-B or PvuII for pHRE/MMTVD CAT. A 20 ng aliquot of DNA was used as template for linear PCR with oligonucleotide A25 as a primer (Venditti et al., 1998) , and the resulting products were analyzed on a 6% sequencing gel.
Chromatin structure analysis and immunoprecipitation DNase I and MNase digestions were performed according to Venditti et al. (1998) , as were the linear PCR ampli®cations and gel analysis. For the analysis of in vitro reconstituted minichromosomes, a modi®ed version of a protocol for the study of histone acetylation (Chen et al., 1999) is employed. A 120 ml aliquot of a chromatin reconstitution containing pre-blastoderm Drosophila extract and 500 ng of DNA was diluted in transcription reaction buffer to 420 ml. The minichromosomes were then digested for 1 min by addition of 10 ml of 100 mM CaCl 2 and 5 ml of 0.2 U/ml MNase (Sigma) and immediately cross-linked with 18 ml of 37% formaldehyde. After another minute, 200 ml of MNase stop solution (50 mM EDTA, 1% sarcosyl) was added, followed by 95 ml of 1 M glycine pH 7.5. After 10 min incubation at room temperature, 750 ml of ChIP dilution buffer (1% Triton X-1000, 2 mM EDTA, 150 mM NaCl, 20 mM Tris pH 8.1) was added and, after removal of an aliquot for input control, pre-cleared with 40 ml of salmon testis DNA±protein A±agarose slurry (Upstate Biotechnology) for 30 min at room temperature. After centrifugation, the supernatant was divided into several (usually four) aliquots and subjected to immunoprecipitation as described previously (Chen et al., 1999) . The following antibodies were used: for PR, a mixture of three different antibodies from Santa Cruz Biotechnology (B-30, C-19 H1 enhances activation of MMTV minichromosomes and C-20); for H1, clone AE-4 from Upstate Biotechnology; and for phosphorylated H1, polyclonal anti-phospho-histone H1 from Upstate Biotechnology. The PCRs were carried out with Taq DNA polymerase (Stoffel fragment) in the presence of 5 mM MgCl 2 under standard conditions (Perkin Elmer). The speci®c primers generate a 140 bp fragment of the nucleosome B of the MMTV promoter, whereas the unspeci®c primers give rise to a 140 bp fragment from the opposite side of the pMMTVCAT B-B plasmid within the b-lactamase gene region. PCR products were resolved on 2% agarose gels and stained with ethidium bromide.
